A computational analysis of a Gulfstream isentropic external compression supersonic inlet coupled to a Rolls-Royce fan has been completed. The inlet was designed for a small, low sonic boom supersonic vehicle with a design cruise condition of M = 1.6 at 45,000 feet. The inlet design included an annular bypass duct that routed flow subsonically around an engine-mounted gearbox and diverted flow with high shock losses away from the fan tip. Two Reynolds-averaged Navier-Stokes codes were used for the analysis: an axisymmetric code called AVCS for the inlet and a 3-D code called SWIFT for the fan. The codes were coupled at a mixing plane boundary using a separate code for data exchange. The codes were used to determine the performance of the inlet / fan system at the design point and to predict the performance and operability of the system over the flight profile. At the design point the core inlet had a recovery of 96 percent, and the fan operated near its peak efficiency and pressure ratio. A large hub radial distortion generated in the inlet was not eliminated by the fan and could pose a challenge for subsequent booster stages. The system operated stably at all points along the flight profile. Reduced stall margin was seen at low altitude and Mach number where flow separated on the interior lips of the cowl and bypass ducts. The coupled analysis gave consistent solutions at all points on the flight profile that would be difficult or impossible to predict by analysis of isolated components.
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I. Introduction
In Practical Intake Aerodynamic Design 1 , editor J. Seddon wrote, "One of the more fundamental problems in intake design is matching the intake and engine flow rates at off-design conditions." However, inlets are generally designed by the airframe manufacturer, engines are designed by the engine manufacturer, and the two are not closely integrated until well into the design process.
Inlets are regularly modeled using computational fluid dynamics (CFD) and tested in sub-scale wind tunnel tests. Distortion patterns are measured at an aerodynamic interface plane (AIP) using SAE 1420 standards 2 and supplied to the engine company. The engine company may model the effects of distortion on the fan using a parallel compressor model or higher order CFD models, or test an isolated fan or the entire engine using screens to simulate the inlet distortion.
CFD modeling also tends to be segregated by component, although a few researchers have attempted to model coupled inlet / fan systems. Hsiao, et al. 3 modeled a subsonic nacelle with a Reynolds-averaged Navier-Stokes (RANS) CFD code and modeled the fan stage using an actuator duct model. They showed that the fan could increase the nacelle separation angle of attack by 3-4 degrees. Davis, et al. 4 described an Integrated Test and Evaluation approach used at AEDC to support both test and analysis of integrated inlet/engine systems. In that work they modeled the forebody, inlet, and fan of the Joint Strike Fighter F-35 aircraft and predicted the effects of inlet distortion on the fan map. Chima, et al. 5 coupled two CFD codes and used them to model an experimental test rig consisting of a serpentine inlet, fan stage, and nozzle. That work showed the effects of inlet distortion on the fan pressure ratio and examined distortion transfer through the fan.
In Ref. 6 retired inlet-engine integration engineer W. G. Steenken wrote that if the compression system team provides as high a stability limit as possible and the inlet / cycle team provides as low an operating line as possible then the desired stability margins can be achieved across the complete altitude-Mach number flight envelope. The present work used coupled CFD codes to model some of the tasks of these two teams and to predict the operating line and stability line of an inlet / fan system.
Here two CFD codes were coupled and used to model the inlet and fan of a Quiet Supersonic Jet (QSJ) being studied by engineers at Gulfstream Aerospace Corporation (GAC). The work had four main objectives: 1. Development of CFD tools for the analysis of inlet / fan interaction. 2. Application of those tools to the propulsion system of the QSJ. 3. Determination of the inlet / fan system performance at the design point. 4. Assessment of the performance and operability of the system over the flight profile. The QSJ is described in section II below, and then each of the four objectives and how they were accomplished are described in sections III -VI. Finally, a summary of the work and conclusions are given in section VII.
II. Quiet Supersonic Jet (QSJ)
Engineers at GAC are investigating technologies that would enable the use of a small aircraft capable of quiet, environmentally acceptable, supersonic flight over land. The QSJ study aircraft shown in Figure 1 was designed to cruise at a Mach number of 1.6 at 45,000 feet. The aircraft would use radical aerodynamic shaping and a Quiet Spike 7 to minimize sonic boom. It is apparent that the inlets make up a large fraction of the frontal area of the aircraft, so they must be designed carefully to minimize their contribution to the overall sonic boom characteristics of the vehicle. The external-compression inlets are of critical importance for this aircraft. They must reduce the Mach number from 1.7 over the wing to about 0.65 at the fan face, with high total pressure recovery, minimal distortion, and with minimal sonic boom. Conners and Howe at GAC have developed a novel approach for designing the external compression surface of the inlet that gives improved recovery and reduced sonic boom overpressures over conventional designs 8 . Inlets designed with this approach have been tested experimentally 9 and modeled computationally 10, 11 , and shown to have good recovery and stability characteristics.
The inlet considered here consists of an isentropic compression spike, a rounded throat region, and a subsonic diffuser. The compression spike was designed to produce a variable-strength normal shock at the throat. The Mach number ahead of the shock is about 1.3 on the centerbody, which is low enough to avoid boundary layer separation. The Mach number at the cowl is close to the design over-wing value of 1.7, which generates a strong normal shock and considerable shock loss.
Like many other engines the Tay has a large gearbox on the bottom. On a conventional subsonic aircraft the gearbox would be contained within a thick nacelle or an external pod. On a supersonic aircraft the nacelle thickness must be minimized and a large external pod must be avoided to minimize external shock waves. Instead, the inlet shown in Figure 2 has a novel bypass duct between the engine and the nacelle that channels the flow subsonically around a gearbox fairing, expands it back to supersonic in converging-diverging passages, and exhausts it around the engine flow in the nozzle. The bypass design has the additional advantage of diverting the low total pressure flow from the cowl shock through the bypass while providing clean flow to the fan tip.
III. CFD Tools
The first objective of the present work was to develop CFD tools for the analysis of inlet/fan interaction. This section describes two CFD codes used for the fan and inlet, and two codes used to couple them together.
A. SWIFT
SWIFT was used to analyze the flow in the Tay fan, both as an isolated fan and coupled to the Gulfstream inlet. It is a multi-block RANS code developed by R. Chima for analysis of turbomachinery blade rows 12 . The code solves the Navier-Stokes equations on body-fitted grids using an explicit finite-difference scheme. Inviscid fluxes are discretized using the advective upwind splitting method (AUSM + ) 13 . Viscous terms are included in the blade-toblade and hub-to-tip directions, but neglected in the streamwise direction using the thin-layer approximation. The discretized equations are solved with a multistage Runge-Kutta scheme using a spatially varying time step and implicit residual smoothing to accelerate convergence. Turbulent flows are modeled using the Wilcox k-ω turbulence model 14 . The numerical implementation of the model was described for a two-dimensional case in Ref. 15 . Calculations for the isolated fan took about 4 hours per case on a personal computer (PC) with 2 Intel Xeon CPUs operating at 3.8 GHz.
B. Axisymmetric Viscous CFD Solver (AVCS)
AVCS is a RANS code developed by D. Tweedt and R. Chima for analysis of axisymmetric flows in ducts 16 .
Here it was used to analyze the Gulfstream inlet, bypass duct, and external flow field. The code solves the axisymmetric Navier-Stokes equations and includes blockage terms that were used here to model the effects of the gearbox and struts in the bypass duct. Like SWIFT, AVCS uses the AUSM + upwind differencing scheme 13 and the k-ω turbulence model 14, 15 .
C. Synchronized Data Exchange Code (SYNCEX)
SYNCEX is a small code written in the C programming language by D. Tweedt. SYNCEX runs in the background and handles data transfer, storage, and synchronization between grids in AVCS using the following procedure:
1. Separate copies of AVCS are run for each grid. After each iteration each copy of AVCS passes interior solution data at grid interfaces to SYNCEX. The calling routine pauses. 2. SYNCEX buffers the data internally until it has received data from both sides of the interface. 3. SYNCEX transfers the data to the neighboring grid and returns control to the calling routine, thus ensuring synchronization between the solutions.
D. SYNCEX Mixing Plane Interface (SMPI)
SMPI is a Fortran code also written by D. Tweedt. It is used to couple the axisymmetric AVCS calculations with the 3-D SWIFT calculations. SMPI runs in the background and applies mixed-out boundary conditions at the AIP between the inlet and fan grids using the following procedure:
1. After each iteration AVCS and SWIFT pass their interior solutions to SMPI using calls to SYNCEX. 2. SMPI averages the SWIFT solution circumferentially using a mixed-out average to ensure conservation. 3. SMPI interpolates the averaged SWIFT solution to the radial location of its neighbor and transfers that solution to AVCS. 4. AVCS updates its boundary points and continues. Giles 17 to calculate boundary values for SWIFT. The boundary conditions are written as perturbations about the axisymmetric solution from AVCS that allow the SWIFT solution to vary tangentially along the boundary. The boundary values are transferred to SWIFT. 6. SWIFT updates its boundary points and continues.
SMPI uses two-dimensional steady characteristic boundary conditions developed by

IV. Application to the QSJ Propulsion System
The second objective of the present work was to apply the CFD tools to the propulsion system of the Quiet Supersonic Jet. This involved generating matched grids for the inlet and fan, development of a blockage schedule for the bypass duct, and running the codes for both isolated components and the coupled inlet / fan system.
A. Inlet and Bypass Grids
Computational grids for the inlet, bypass, and external flow were generated using the SIGG code developed by D. Tweedt. The axisymmetric grid for the inlet and a meridional view of the fan grid are shown in Figure 3 where every third point is shown. The grid had three blocks for the core, bypass, and external flow. The spacing at the walls was inches, giving y + = 2 to 4 at the first point off the walls. Sizes for the individual blocks are given in Table 1 . The overall grid had about 110,000 points. 
B. Bypass Blockage Model
The gearbox is contained within a fairing that fills about 160 degrees circumference of the bypass duct at its maximum extent. Nine thin, curved struts divide the remainder of the annulus into 10 roughly parallel channels that carry the flow around the gearbox. The struts are shaped to form converging-diverging (C-D) sections towards the rear of the engine to re-expand the flow to supersonic at the nozzle. The passages choke at the start of the C-D sections and the present calculations were stopped just downstream of the choke plane.
The AVCS code includes an axisymmetric blockage term that was used to model the tangential blockage of the gearbox fairing and struts. The area distribution was taken from the design geometry and specified at each grid point in the bypass duct as shown in Figure 4 . 
C. Fan Grid
The geometry for the Tay fan rotor was provided by Rolls-Royce. The Tay engine has a bypass splitter behind the rotor with a bypass ratio of 3.1, but in this study the rotor was treated as an isolated fan with the actual duct contours downstream.
The computational grid for the fan was generated using the TCGRID code developed by R. Chima. A 3-D view of the grid is shown in Figure 5 . The fan grid had three blocks as shown in Figure 6 where every third point is shown. An H-grid was used ahead of the blades to allow the shocks to propagate into the inlet. The interface between the inlet and fan grids was placed at the AIP. A C-grid was used around the blades with a wall spacing of inches, giving y + = 1.5 to 2.5 at the first grid point off the walls. An O-grid shown in Figure 7 was used in the tip clearance, which was estimated to be 0.025 inches high. Grid sizes are given in Table 2 . The overall grid for the fan rotor had about 1.3 million points. 
D. Computational Details
Coupled inlet/fan calculations were run using AVCS for the axisymmetric inlet and SWIFT for the 3-D fan. The codes were coupled at the interface between inlet and fan grids using the mixing plane boundary condition implemented in the SMPI code. SYNCEX, SMPI, and three copies of AVCS (for the three inlet grid blocks) were run on one PC and SWIFT was run simultaneously on a second PC. OpenMP was used to further parallelize each code on dual-core machines.
The upstream boundary conditions were fixed at M=1.7. At the fan exit the static pressure was specified on the casing and the radial equilibrium equation was used to find the radial distribution of static pressure. The fan exit static pressure was varied between runs to set the fan mass flow rate. At the bypass exit the static pressure was set to the freestream value. At the design point the bypass duct was choked near the exit due to the specified blockage distribution so the corrected flow through the bypass duct was constant. However the total pressure at the entrance to the bypass duct varied with shock strength, so that the physical mass flow through the bypass duct varied slightly as the fan was throttled.
Figure 8. Core mass flow vs. iteration for four operating points from choke to stall.
All cases were run with a two-stage Runge-Kutta scheme at a Courant number of 2.5, using implicit residual smoothing to maintain stability. Most cases were run 10 − 20,000 iterations, which took 6 −12 hours on 4 CPUs. Fan inlet mass flow and exit total pressure were monitored for convergence. Figure 8 shows that fan inlet mass flow converged in 10,000 iterations for most restart cases. When the fan exit pressure was set too high the inlet mass flow would drop continuously and the fan was considered to be stalled.
V. Design Point Performance
The third objective of the present work was to determine the performance of the inlet and fan at the design point. This was done by analyzing the inlet and fan separately and also as a coupled system. The results were compared to determine the effect that each component had on the other. The peak efficiency point of the coupled system was chosen as the design point
A. Inlet Performance
Maximum fan flow
Near stall Figure 9 . Axisymmetric average Mach contours in the inlet and fan.
Coupled inlet/fan calculations were made for M = 1.7 by varying the fan exit pressure over 12 operating points on the fan speed line. Figure 9 shows absolute Mach number contours for the inlet and fan at the extremes of the speed line. The 3-D fan solution has been averaged circumferentially, and the average solutions are continuous across the mixing plane interface. At maximum fan flow (left) the external spillage shock is minimized, the normal shock is pulled into the inlet, and a very thick boundary layer enters the fan at the hub. When the fan is throttled near stall (right) the inlet spills the excess flow, the normal shock is pushed ahead onto the spike, and the fan sees a somewhat thinner hub boundary layer. At cruise the fan would operate at some peak efficiency point between these extremes.
Figure 10. Core recovery (bottom) and bypass recovery (top) at M = 1.7.
The bottom of Figure 10 shows a plot of predicted inlet core recovery versus inlet capture ratio, which is sometimes called a cane curve. Calculations for the isolated inlet (black) agree very closely with the coupled inlet/fan calculations (red) except at high flows, where the fan chokes before the inlet. The design point (circled) is at a capture ratio of 0.985, i.e., 1.5 percent spillage, where the core recovery is nearly 0.96. For comparison, at M = 1.7 the recovery of the pitot inlet on the F-16 fighter is roughly 0.85, the pressure ratio across a normal shock. Thirty-eight to 40 percent of the captured flow goes through the bypass duct, and the top of Figure 10 shows that the bypass recovery varies from 0.87 to 0.89.
Figure 11. Comparison of AIP profiles at three fan operating points. Total pressure ratio (left), static pressure ratio (center), and Mach number (right).
In this inlet the long subsonic diffuser develops a thick hub boundary layer that grows from 20 percent span near stall to over 30 percent span at choke, as seen in total pressure profiles in Figure 11 (left). Most fans have a spinner that develops a thin hub boundary, so this hub radial distortion is an unusual phenomenon that could affect fan operability. Outside the boundary layer the total pressure recovery varies with shock losses by 1-2 points. Static pressure profiles (Fig. 11, center) are nearly linear for the coupled solutions, showing that it is reasonable to use a constant pressure exit boundary condition to model an isolated inlet. The average fan face Mach number (Fig. 11,  right) varies from about 0.67 at choke to 0.56 near stall, consistent with a design Mach number of 0.65.
B. Fan Performance
Figure 12. Comparison of fan performance characteristics with clean inflow (black) and with the inlet (red). Total pressure ratio (bottom) and adiabatic efficiency (top).
Two fan maps at 100 percent rotor speed are shown in Figure 12 , one computed with clean inflow (black), and the other coupled to the inlet (red). When the inlet is included the maximum corrected flow decreases by about 1.1 percent. There is also a slight increase in the predicted stall flow, although it is probably insignificant due to uncertainties in predicting stall. The design point (circled) corresponds to the design point on inlet recovery curves shown in Figure 10 . At the design point the fan operates near its peak pressure ratio (bottom) and peak efficiency (top), however, the addition of the inlet reduces the peak efficiency by 0.8 points and reduces the corrected mass flow at the peak efficiency point by 10 lb/sec.
Figure 13. Comparison of fan exit profiles at the peak efficiency point with clean inflow (black) and with the inlet (red). Total pressure ratio (left) and adiabatic efficiency (right).
To show the effects of inlet hub radial distortion on the fan, Figure 13 compares fan exit profiles for the isolated fan (black) and the inlet/fan system (red) at the design point, where the inlet/fan system is at peak efficiency and the efficiency for the isolated fan is (coincidentally) the same. The total pressure ratio profile (left) for the isolated fan increases almost linearly from hub to tip, but the profile for the inlet/fan system shows that hub radial distortion from the inlet is not eliminated by the fan and persists to the fan exit. The hub distortion is particularly evident in the adiabatic efficiency distribution (right). This distortion could then be a concern for the engine booster stages, which are about one-third as high as the fan. The final objective of this work was to assess the operability of the inlet / fan system over the nominal flight profile of the aircraft. The flight profile supplied by Gulfstream is shown in Figure 14 . It starts with the system at ground idle and proceeds through takeoff to climb at constant dynamic pressure. At low Mach numbers the pressure gradient across the bypass duct is low, and the fan would actually draw flow backwards from the nozzle through the bypass duct. To avoid hot gas ingestion the bypass duct would be blocked at low Mach numbers, perhaps with spring-loaded doors. At M = 0.3 the pressure drop across the bypass is sufficient to ensure forward flow and the bypass would be reopened. At M = 0.9 and 30,000 ft. altitude the flight profile levels off and the aircraft accelerates through Mach 1. At M = 1.10 the aircraft resumes its acceleration and climb to its cruising condition of M = 1.6 at 45,000 ft. The inlet is assumed to operate at M = 1.7 over the wing.
VI. Flight Profile Performance and Operability
As the aircraft climbs the static pressure and temperature of the standard atmosphere decrease with altitude, but as the aircraft accelerates the total pressure and temperature of the freestream flow increase. Figure 15 shows how the total pressure and temperature ratios δ = P 0,∞ / P 0,SLS and θ = T 0,∞ / T 0,SLS vary with Mach number along the flight profile. Here SLS refers to sea level standard conditions. Figure 15 also shows the normalized rotational speed of the fan, Ω, which is constant for M < 1.4 . At M = 1.4 the total temperature ratio θ > 1 and the rotational speed must be reduced to limit the compressor exit temperature T3. The schedule for Ω was supplied by Rolls-Royce.
Coupled CFD simulations of the inlet and fan were run for each point on the flight path shown in Figure 14 . The boundary conditions were set as follows:
Upstream • Subsonic: P 0∞ , T 0∞ specified, v x extrapolated from interior Mach number contours for the inlet and fan at several points along the flight profile are shown in Figure 16 . The 3-D solution in the fan has been averaged tangentially and the absolute Mach number in the fan is shown.
At ground idle, M = 0.01 and altitude = 0 (Figure 16a) , the bypass exit is closed and the flow recirculates in the bypass duct. This creates a large incidence angle and a separation bubble on the inside surfaces of the cowl and the bypass splitter lip. The resulting tip boundary layer at the fan face has a height of 30 percent span, although the diffuser hub boundary layer is relatively small with a height of 15 percent span.
The bypass duct would be opened at M ≈ 0.30 . As the Mach number increases above M = 0.30 the flow through the bypass duct increases, the lip separation disappears, and the fan tip boundary layer decreases to nine percent span. Thus from M = 0.01 to M = 0.40 the boundary layer profiles at the AIP change dramatically and the fan operates close to its stall line (shown later), making it very difficult to analyze the fan as an isolated component in this portion of the flight profile.
At M = 0.45 and altitude = 10,000 ft. (Figure 16b) the bypass is open and the bypass duct is flowing well. The fan flow is also high and the diffuser is choked. At the AIP the hub boundary layer height is about 15 percent span and the tip boundary layer height is about nine percent span. The hub boundary layer grows continuously through the rest of the flight profile but the tip boundary layer remains the same.
For M > 0.7 the bypass is choked and the bypass flow exits supersonically, as shown in Figure 16c -f. At M = 0.90 and altitude = 30,000 ft. (Figure 16c ) small supersonic bubbles form on the core inlet shoulder and lip.
At M = 1.10 and altitude = 30,000 ft. (Figure 16d ) the first shocks appear at the tip of the spike and cowl lip. At M = 1.40 and altitude = 39,000 ft. (Figure 16e ) the bow shock has moved about half way along the spike. As the shock losses increase the actual mass flow through the inlet decreases, especially in the bypass duct.
Over the wing at cruise, M = 1.70 and altitude = 45,000 ft. (Figure 16e ), the bow shock sits on the spike just ahead of the shoulder. The hub boundary layer is attached but grows through the diffuser to about 25 percent span at the AIP, as seen in Figure 11 . Core inlet recovery is plotted against Mach number along the flight path in Figure 17 . The recovery is reduced for 0.1 < M < 0.4 because of separation at the bypass lip, and further investigation of the lip design is warranted. The recovery is excellent, about 0.988, for 0.4 < M < 1.4 . Shock losses increase for M > 1.4 and the recovery decreases accordingly.
The computed fan map is shown in Figure 18 . Fan total pressure ratio is plotted against corrected flow,  m c =  m θ / δ , at the bottom. Corrected flow exactly accounts for uniform changes in freestream total conditions and partially accounts for changes in inlet recovery due to inlet radial distortion.
Three lines of constant corrected speed are shown (black circles). The 100 percent speed line is duplicated from the coupled solutions shown in Figure 12 , and the 92 and 107 percent speed lines were computed for an isolated fan with design point distortion. The choke and stall lines are indicated with dashed purple lines and the fan pressure ratio along the flight profile is shown with red up-triangles. The flight profile starts at M = 0.01 with N C ≈ 103% near the upper right corner of the plot. In general the fan corrected flow and pressure ratio increase along an operating line until M = 0.9 with N C ≈ 107% , then decrease until M = 1.7 with N C ≈ 92% . Two points at M = 0.15 and M = 0.30 operate close to the stall line due to separation at the splitter lip which produces a thick casing boundary layer at the AIP. The fan adiabatic efficiency shown at the top of Figure 18 tends to follow the peak efficiency point of each speed line, as desired.
VII. Summary and Conclusions
Two coupled CFD codes were used to model the inlet and fan of a Quiet Supersonic Jet being studied at Gulfstream Aerospace Corporation. The isentropic external compression inlet was analyzed using an axisymmetric RANS code called AVCS. A novel bypass duct that channels flow subsonically around the engine gearbox and diverts low total pressure flow away from the fan tip was modeled using a blockage model in AVCS. The Rolls-Royce fan was analyzed using a 3-D RANS code called SWIFT. The two codes were coupled at the AIP using a data interchange code called SYNCEX and a mixing plane boundary condition code called SMPI.
The codes were used to determine the performance of the inlet /fan system at the design inlet Mach number of 1.7 and to investigate the operability of the system over the flight profile. At the design point the core inlet had a recovery of 96 percent, and the fan operated near its peak efficiency and pressure ratio points. However, a large hub radial distortion generated in the inlet was not eliminated by the fan and could pose a challenge for subsequent booster stages. Stable operation was found at all points along the flight profile. Reduced stall margin was seen at low altitude and Mach number where the flow separates on the interior lip of the bypass duct. A redesign of the lip is now under consideration.
The inlet and fan were analyzed separately and also as a coupled system. The results were compared to determine the effect that each component had on the other. It was found that the fan chokes before the inlet and modifies the inlet performance predictions at the highest flow rates. Although the fan can be analyzed separately at most operating points using nominal total pressure profiles from the inlet solutions, it is difficult to specify consistent profiles at low altitude and Mach number conditions where the inlet distortion changes dramatically with flight conditions and the fan operates near stall.
There were a few disadvantages to the coupled analyses including increased complexity in grid generation and boundary condition specification, and longer solution times. The advantages of the coupled analysis include elimination of modeling at the AIP, the ability to track inlet distortion effects all the way through the fan, and the ability to generate consistent solutions at all flight conditions.
